The activity of different analogs of pyrazinamide on Mycobacterium tuberculosis fatty acid synthase type I (FASI) in replicating bacilli was studied. Palmitic acid biosynthesis was diminished by 96% in bacilli treated with n-propyl pyrazinoate, 94% in bacilli treated with 5-chloro-pyrazinamide, and 97% in bacilli treated with pyrazinoic acid, the pharmacologically active agent of pyrazinamide. We conclude that the minimal structure of pyrazine ring with an acyl group is sufficient for FASI inhibition and antimycobacterial activity.
Pyrazinamide (PZA), a first-line sterilizing drug in tuberculosis chemotherapy (2, 6) , is the prodrug of the pharmacologically active agent pyrazinoic acid (POA). POA is released by amide hydrolysis of PZA ( Fig. 1) (7, 11) . Mycobacterium tuberculosis is the only mycobacterial species that is susceptible to both PZA and POA, while Mycobacterium bovis is susceptible only to POA (5, 12, 14) . Interestingly, the antimycobacterial activity of these compounds takes place only in an acidic medium (9, 14) , which allows for the intracellular accumulation of POA. In addition, M. tuberculosis is uniquely susceptible to PZA among mycobacteria species due to a deficient POA efflux mechanism (14) . Despite the proven efficacy of PZA in clinical use, PZA activity in vitro is not only pH dependent but also very low compared to other highly effective tuberculosis drugs, such as isoniazid and rifampin, and depends significantly on the use of a small inoculum (15, 16) .
PZA analogs, such as pyrazinoic acid esters (PAEs), Nacylpyrazinamide, and 5-chloro-pyrazinamide (5-Cl-PZA), are more potent antimycobacterial drugs than PZA (4, 5, 8, 13) . 5-Cl-PZA inhibits M. tuberculosis fatty acid synthase type I (FASI) (3, 18) , whereas FASI inhibition by PZA has been challenged (3) . PAEs, such as n-propyl pyrazinoate (nЈPPA), can release POA by ester hydrolysis (Fig. 1) (4, 13) , and it is assumed that their mode of action is identical to that of PZA and POA (16) . Importantly, nЈPPA and other PAEs were also shown to possess a broader spectrum of activity that includes other mycobacterial species, such as the POA-resistant M. avium and M. kansasii (1, 4, 13) .
Our study aimed to test (i) whether nЈPPA activity, like POA, depends on acidified media and, by inference, depends on POA accumulation; (ii) whether nЈPPA, like 5-Cl-PZA, inhibits FASI activity in replicating tuberculosis bacilli; and (iii) whether the antimycobacterial activity of POA correlates with FASI inhibition only in acidic media.
The MIC of POA and nЈPPA against M. tuberculosis was determined by the broth macrodilution test using an inoculum of 10 5 CFU/ml in Middlebrook 7H9 medium supplemented with 10% (vol/vol) OADC enrichment (Difco), 0.2% (vol/vol) glycerol, and 0.05% (vol/vol) Tween 80 (the pH of the medium was adjusted to 6 or 6.8 with an aqueous solution of 4.25% phosphoric acid or 5% dibasic potassium phosphate). The MICs of POA were 300 g/ml at pH 6.8 and 100 g/ml at pH 6, as previously described (9, 10) . Surprisingly, the MICs of nЈPPA were 60 g/ml at pH 6 and 80 g/ml at pH 6.8.
FASI inhibition by nЈPPA, 5-Cl-PZA, and PZA was assayed by measuring the 14 C incorporation into mycobacterial fatty acids. Basically, tuberculous bacilli from a frozen stock were grown in 7H12 media to an optical density at 600 nm (OD 600 ) of 0 0.3 to 0.4 and then diluted 10 times into fresh medium for another 48 to 72 h before 10-ml aliquots of this culture (OD 600 ϭ 0.2 to 0.25) were spun down in 50-ml conical tubes. The spun cells were resuspended in freshly made 10 ml of drug-contain-ing medium with either PZA (1,200 g/ml at pH 6), 5-Cl-PZA (250 g/ml), or nЈPPA (800 g/ml) for 12 h and then labeled with [1- 14 C]acetate (1 Ci/ml) for 6 h. The culture was then spun, and the soluble lipids were extracted and saponified from the drug-treated labeled bacilli (18) . The resulting free fatty acids were derivatized to their UV-absorbing p-bromophenacyl esters and separated and quantified by reversed-phase highpressure liquid chromatography (HPLC) using one-seventh of the derivatization reaction (18) . The HPLC mobile phase was acetonitrile, and the flow rate was 1 ml/min for 5 min, followed by a linear increase to 2 ml/min over 1 min; this was then maintained at 2 ml/min for 14 min. The UV-absorbing pbromophenacyl fatty acid esters and the 14 C-labeled fatty acid esters were detected as described previously (18 16 , as a measure of FASI inhibition. PZA, 5-Cl-PZA, and nЈPPA application resulted in a severe decrease in fatty acid biosynthesis in M. tuberculosis (Fig. 2) . The biosynthesis of palmitic acid (C 16 ), the principle product of FASI, was inhibited on average by 88% with PZA, by 94% with 5-Cl-PZA, and by 96% with nЈPPA. With POA, the C 16 biosynthesis inhibition was greatly affected by the pH and POA concentration (Fig. 3A) . For example, a 60% inhibition of C 16 biosynthesis was achieved at pH 5.5 with only 250 g of POA/ml, whereas it required 1,250 g of POA/ml to reach the same inhibition at pH 6.0. Importantly, acidic medium by itself even induced an increase in fatty acid biosyn- thesis in tuberculous bacilli, as described previously (3, 18) . The same pH effect was also observed in M. bovis, where POA (1,500 g/ml) inhibited C 16 biosynthesis by 97% at pH 6 but only by 30% at pH 6.8 (Fig. 3B) .
The pH independence of nЈPPA activity compared to POA can be ascribed to either increased diffusion by the more lipophilic nЈPPA or to an intrinsic activity of the ester, or both.
It has yet to be established that hydrolysis of nЈPPA to POA is required for its antimycobacterial activity. The intrinsic activity of PAEs can be argued based on the facts that more stable pyrazinoate esters still possess good antimycobacterial activity (1) and that PAEs are active against POA-resistant M. avium (1, 13) . The possibility of intrinsic activity of PAEs and the fact that 5-chloro pyrazinoic acid is a stronger acid but a weaker antimycobacterial agent than POA (5) argues strongly against a mechanism of protonated POA causing cytoplasmic acidification and membrane potential collapse affecting transport, which was suggested to be the mechanism of activity of POA (16, 17) .
The main findings of the present study are that nЈPPA inhibited fatty acid biosynthesis as well as 5-Cl-PZA and that its antimycobacterial activity did not depend on pH as much as POA. The only common structural motif between nЈPPA and 5-Cl-PZA is the pyrazinoyl nucleus, suggesting that the 5-chloro substitution is not a prerequisite for FASI inhibition as was suggested by Boshoff et al. (3) . Furthermore, POA application resulted in C 16 biosynthesis inhibition in M. bovis BCG at pH 6 and in M. tuberculosis, where a relationship between pH, POA dose, and C 16 biosynthesis inhibition was observed.
In summary, by using a set of related compounds, we have deduced that the minimal structure of pyrazine ring with an acyl group is sufficient to confer both FASI inhibition and antimycobacterial activity. Therefore, FASI inhibition cannot be excluded as a mechanism for antimycobacterial activity of PZA and related analogs.
